Abstract: A numerical model called Cascade is introduced for simulating regional sediment transport and coastal evolution. Cascade can be applied to stretches of coastline covering hundreds of kilometers where evolution extending to centuries may be of interest. A typical setting encompasses several barrier islands separated by inlets at which sediment is transferred through tidalshoal complexes. Complex regional trends in shoreline orientation can be represented, as well as sediment sources and sinks, such as beach nourishment, cliff erosion, wind-blown sand, and dredging. Processes are modeled at the local and regional scale, and the interaction between the scales is described in a cascading manner from regional to local. Main components of the model are described, followed by an application to the south shore of Long Island, New York, where the regional sediment transport pattern was simulated, including opening of two inlets and the response of the adjacent shore.
INTRODUCTION
Many coastal projects have been in place for more than a century, and their ranges of influence far exceed local project dimensions. For example, both stabilized inlets and natural inlets can alter longshore sediment-transport pathways for tens of kilometers. Sand placed on beaches likewise will travel far beyond project limits. The time and space scales of major coastal projects therefore call for regional modeling to address the full consequences and interactions of engineering activities, as well as the wide-scale of influence of natural processes and features (Larson , Rosati, and Kraus 2002) . Quantitative descriptions of regional coastal-sediment processes are lacking, and their consideration raises new and interesting questions, together with many challenges. 
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SUPPLEMENTARY NOTES
To address these issues, a new class of numerical model of longshore transport and coastal change, called Cascade, was developed to represent regional processes extending hundreds of kilometers and covering several inlets. Time intervals of interest span decades to centuries. At regional time and space scales, the model includes such phenomena as inlet creation, ebb-and flood-tidal shoal development, bypassing bars between beaches and inlets, channel dredging, regional trends in the shape of the coast, relative change in sea level, wind-blown sand, storms, periodic beach nourishment, and shore-protection structures such as groins and seawalls. The name Cascade derives from recognition that processes at different spatial and temporal scales act simultaneously in what can be viewed as cascading of scales from regional to local. For example, offshore contours of a coastal region might have a curved trend, upon which local projects are emplaced (and interact) that may individually appear to have straight trends in shoreline position. The embedding of local processes requires cascading of information from wide-area to local, from longterm to immediate, and from project to project site.
In the following, the main components of Cascade are described, including algorithms for computing breaking wave properties, longshore sediment transport, sediment bypassing of jetties, and inlet sediment storage and transfer. Validation of Cascade encompassed general model testing and evaluation for a number of hypothetical cases (not discussed here), as well as a detailed simulation for the south shore of Long Island, New York. For the field validation, comparisons between model simulations and measurements were made for the net annual longshore transport rate and shoreline response after opening of two inlets (Shinnecock Inlet and Moriches Inlet).
MODEL THEORY
Cascade simulates longshore sediment transport and coastal evolution at the regional and local scale. Fig. 1 provides an overview of a typical coastal setting to which Cascade may be applied. The figure shows three barrier islands separated by inlets with and without jetties, where the sediment is transferred around an inlet through the inlet-shoal complex. A number of sources (sinks) are shown including cliff erosion and wind-blown sand. The shoreline of the barrier island chain displays a curved trend at the regional scale with local variations in between the inlets.
Initial model development focused on developing fast, reliable, and robust algorithms for calculating waves and sediment transport. Also, an important part was formulation of realistic boundary conditions, which in some cases constitute complex submodels (e.g., jetty bypassing, inlet sediment transfer). Below, a short description is given of the following model components: (1) governing equations and boundary conditions, (2) breaking wave properties, (3) longshore sediment transport, (4) bypassing transport, and (5) inlet sediment storage and transfer. Some of these components required new theory to be developed, whereas other components were based on previous work. The summary here mainly covers new developments needed for Cascade. 
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B a r r i e r I s l a n d Fig. 1 . Overview of a coastal setting to which the Cascade model can be applied for simulating longshore sediment transport and coastal evolution.
Governing Equations
The longshore sediment transport rate Q at the local scale is described by,
where Q o = transport rate amplitude (a function of the wave properties at breaking and the sediment characteristics), and α o is the angle between the breaking waves and the local shoreline orientation expressed as,
where α b = wave angle at breaking, y = shoreline position, and x = alongshore coordinate. If the regional transport obeys a similar relationship, then,
in the same notation as above with subscript r for the regional scale. The shoreline position y r describes trends in the shoreline at the regional scale, being a function of the transport gradients at this scale.
In Cascade, it is assumed that the local shoreline evolves with respect to the regional shoreline, yielding the following transport equation:
If y r is in equilibrium (Q r =0), Eq. 4 implies that α br =arctan(dy r /dx). Thus, after y r has been determined, y can be obtained directly by solving Eq. 5 in combination with the sand volume conservation equation,
where D = depth of transport, t = time, and q = a source (sink) term varying in time and space. The regional trend y r may be determined trough spatial filtering using a window size appropriate for the features that should be resolved.
In Cascade, sediment may be added or taken away from the coastal area through sources or sinks, respectively, creating a shoreline response. Common sediment sources are: cliff erosion, dune erosion, beach nourishment, wind-blown sand, river-transported sediment, and onshore transport of material from deeper water. Common sediment sinks are: wind-blown sand, dredging, barrier-island wash-over, and offshore transport of material to deeper water. Thus, certain processes may act both as a source and a sink for the shoreline depending on the particular conditions. Four different types of boundary conditions have been formulated for Cascade: (1) no transport (Q=0), (2) no shoreline change (∂Q/∂x=0), (3) bypassing, and (4) bypassing and inlet sediment storage and transfer (for the two latter boundary conditions, Q is derived in submodels, discussed below).
Breaking Wave Properties
The transport rate Q must be calculated at a large number of points in space and for many time steps. Thus, the wave properties at the break point are computed a large number of times, and it is of great value to have an efficient algorithm to do this. Assuming input wave conditions in deep water, the wave properties at breaking are obtained by simultaneously solving the energy flux conservation equation and Snell's law, both equations taken from deep water to the break point. The two equations are written, 2 2 cos cos
where H = wave height, C g = group speed, C = phase speed, θ = wave angle (with respect to the local shoreline orientation), and o and b denote deep water and the break point, respectively. The two equations are coupled and are solved through an iterative procedure. Introducing expressions for the various wave quantities valid for deep and shallow water, and substituting the unknown angle from Snell's law into the energy flux conservation equation gives the following equation to solve with the water depth at breaking as the unknown, 5/ 2 2 2 cos cos arcsin 2 sin 2 2
where h b = water depth at the break point, L o = deepwater wavelength, and γ b = wave height to water depth at incipient breaking (taken to be 0.78). This equation shows that If the wave angle at breaking is small, cos θ b ≅ 1.0, and h b can be calculated explicitly from: The wave angle at the break point is calculated from Snell's law:
Larson, Kraus, and Hanson
Longshore Sediment Transport A newly derived formula (Larson and Bayram 2002) for the total longshore sediment transport rate was implemented in Cascade, in which it is possible to include currents generated by tide and wind. In the derivation of this formula, it was assumed that suspended sediment mobilized by breaking waves is the dominant mode of transport. A certain ratio of the incident wave energy flux provides the work for maintaining a steadystate concentration in the surf zone. The product between the concentration and the longshore current (from waves, wind, and tide) yields the transport rate Q as,
where F = wave energy flux directed toward shore, V = surf-zone average longshore current velocity, ε = empirical coefficient, ρ s (ρ)= sediment (water) density, a the porosity, and w = sediment fall speed. Values on ε must be established through calibration against data, but an alternative method is to compare the new formula with the CERC formula. Larson and Bayram (2002) made such a comparison, employing the mean longshore current in the surf zone based on the alongshore momentum equation with linearized friction and F from linear wave theory. An equilibrium beach profile was assumed, using the relationship between the shape parameter A and w from Kriebel et al. (1991) . For small angles at breaking, the transport coefficient is given by ε=0.77c f K, where K = transport rate coefficient in the CERC formula, and c f = bottom friction coefficient.
Bypassing of Jetties
To determine the bypassing at jetties (or groins), a model is needed to calculate the crossshore distribution of the longshore transport rate updrift the jetty. Such a model was implemented in Cascade based on a sediment transport formula originally developed by Larson and Hanson (1996) . This formula was derived under similar assumptions as the total longshore sediment transport formula previously discussed. However, because the local transport is needed, the concentration profile becomes a function of the local wave energy dissipation P. The transport rate per unit length across shore q l is given by,
where V = local longshore current velocity, and ε c -transport coefficient. The simplest approach to determine how much of the sediment that may bypass a groin or jetty is to assume that all sediment transported seaward of the groin tip is bypassed, whereas the transport shoreward of the tip is blocked.
To compute V and P, the random wave transformation model by Larson (1995) was employed, although a more simplified description of the energy dissipation due to breaking was used. Integrating q l across the profile and assuming that the tip of the groin is located at x=x g , the ratio p of the total sediment transport that bypasses the groin is,
where ξ = ratio of breaking waves given by
root-mean-square (rms) wave height neglecting wave breaking.
Assuming an equilibrium profile (h=Ax 2/3 ), the bypass ratio p is a function of three nondimensional parameters and the incident wave angle, namely:
and θ o . However, the dependence on refraction is weak for small wave angles at breaking. 
Inlet Sediment Storage and Transfer
Cascade includes the Reservoir Model (Kraus 2000) to describe inlet sediment storage and transfer. The inlet is schematized into distinct morphological units (ebb shoal proper, bypassing bars, and attachment bars) and formulated relationships for how the sediment moves between them. Sediment that approaches the inlet and bypasses the jetty is transported to the ebb shoal. From the ebb shoal, the material is transferred to the bypassing bar and then further downdrift to the attachment bar. From the attachment bar the sediment is transported along the shore. Each morphological unit is assumed to have a certain equilibrium volume for fixed hydrodynamic and sediment conditions. As the volumes approach equilibrium values, more sediment is transferred downdrift. Kraus (2000) assumed that the sediment passing through each unit is proportional to the ratio between the actual volume and the equilibrium volume for the unit. If equilibrium is attained, all sediment entering the particular morphologic unit is transferred downstream.
Thus, for each morphologic unit (ebb shoal, bypassing bar, attachment bar), two equations govern storage and transfer of sediment,
where Q in (Q out )= transport (from) the morphologic unit, V = sediment volume of the unit, and V eq =equilibrium value. Walton and Adams (1976) derived empirical equations for the equilibrium shoal volume based on field data from a large number of United States inlets approximately corresponding to the sum of the ebb shoal and bypassing bar volumes. To employ these equations for computing V eq of the different units, some assumptions must be made concerning the size relationship among them. Here, the assumption is made that the equilibrium volume ratio between the bypassing bar and the ebb shoal, as well as between the attachment bar and the ebb shoal, is constant. Presently, these ratios are set to 0.25 and 0.1, respectively. In the general case, transport can be directed both to the left and the right, and there will be bypassing and attachment bars on both sides of the inlet.
If the cross-sectional area of an inlet changes, it is necessary to allow for a time-varying V eq . During closure of an inlet, the V eq that the tidal flow can maintain may fall below the actual volume in the ebb shoal complex, implying that sediment is released to adjacent beaches. Mathematically, Eqs.15 and 16 can describe this situation, but from a physical point the release might be too rapid and cause unrealistic local growth of the shoreline. To remedy this situation, Eq. 15 was changed into a nonlinear relationship according to
n , where n is a power. By specifying a value of n<1 for situations where sediment is released to the beach, the release will be slower than for the linear model. In simulations for Long Island, n was set to 1.0 for periods when the ebb shoal complex was growing, whereas n=0.1-0.2 when the shoal experienced reduction in volume.
MODELING EVOLUTION OF THE LONG ISLAND SOUTH SHORE
The south shore of Long Island, New York, was selected as a suitable location for validating the capability of Cascade to simulate sediment transport and coastal evolution on regional scale. Several studies (e.g., Kana 1995; Rosati et al. 1999) provide substantial information for model validation. The stretch includes many coastal features and processes characterizing evolution on the regional scale. The study area extended from Fire Island Inlet to Montauk Point (named FIMP in the following) because most available information originated from this coastal stretch. The area includes two inlets (besides Fire Island Inlet at the western boundary), namely Shinnecock Inlet and Moriches Inlet. The cross-sectional areas of the inlets have varied substantially with time, altering the size of the ebb shoal complexes and sediment removed from the nearshore transport system, providing an opportunity to model a complex morphologic system. Two types of simulations were performed with Cascade for the FIMP area: (1) determining the overall annual net longshore transport pattern along the coast (based on shoreline positions and waves from 1983 to 1995); and (2) simulating coastal evolution in connection with the opening of Moriches Inlet and Shinnecock Inlet (simulation period 1931-1983) . Objectives of these simulations were to validate that the model could (1) predict longshore transport rates along a stretch of coastline where trends in the wave climate and shoreline shape are present at the regional scale, and (2) predict coastal evolution in terms of shoreline response and changes in the ebb-shoal complex where regional processes and controls exert a significant influence on local processes.
General Model Setup
The south shore of Long Island is approximately oriented 67.5 deg TN. A coordinate system was defined that had a similar orientation. In defining the new coordinate system, baseline points employed by Rosati et al. (1999) were referenced. The lateral boundary condition of "no shoreline change" was specified based on shoreline measurements covering 1830 to 1995. Suitable locations for such a boundary condition were identified approximately 10 km west of Montauk Point and either adjacent to or 15 km east of Fire Island Inlet, depending on the simulation period. In simulation of inlet openings, the boundary was placed about 15 km east of Fire Island Inlet to avoid describing spit movement taking place there. The time step was set at 24 hr and length step at 500 m.
The length of the modeled shoreline in combination with shadowing from surrounding landmasses made it necessary account for variation in wave climate alongshore. Hindcast waves from WIS Stations 75, 78, and 81 were input (20-year time series of height, period, and angle from 1976 to 1995), linearly interpolated between stations. Depth of active sediment transport was set to 8 m, and the representative median grain size 0.3 mm. The studied shoreline shows large-scale (i.e., regional) features that persist with time. Without taking these features into account through y r , diffusion would eliminate them. In Cascade, y r enters as a source term in the governing transport equation for the local shoreline evolution y. The shape of y r was determined from spatial filtering of the shoreline measured 1870 when no inlets existed and using a window length of 7 km.
For the long-term simulation 1931-1983, the equilibrium volumes of the ebb shoals and bypassing bars were specified as a function of time based on the recorded inlet crosssectional areas. In the shorter simulation 1983-1996, the equilibrium volumes were held constant because the inlets did not change substantially during this time period. Jetty lengths on each side of the inlets and the time of construction were specified according to available data. Two sources of sediment were included in the present Cascade simulations for the FIMP area, input from cliff erosion west of Montauk Point and from beach fills placed west of Shinnecock Inlet. A total fill volume of about 800,000 m 3 was placed west of Shinnecock Inlet between 1949 and 1983, and another 1,150,000 m 3 was put in this area between 1983 (Morang 1999 . Smaller beach fills have been placed at other locations, but were neglected. In the simulations, the beach fill volumes were converted to sediment sources with constant strength in time and space. Rosati et al. (1999) estimated the cliff erosion at Montauk Point to yield about 33,000 m 3 per year, which input to the model and introduced as a distributed source with constant strength in time. The Westhampton groin field was not resolved in the simulations.
Annual Net Longshore Transport
Simulations were first carried out to reproduce annual net sand transport rates observed along the FIMP coast. The simulation period 1983 -1995 was selected since hindcast waves and measured shorelines were available. The simulation involved an approximate calibration of the model where the value of the transport coefficient K was determined based on the agreement with available information on the annual net transport rate. This information derives mainly from sediment budget studies for the south shore of Long Island (Kana 1995; Rosati et al. 1999) . Based on trial simulations, the value on transport coefficient was selected to K=0.12, which is about a third of the recommended value for the CERC formula (K=0.39, for significant wave height). This value on K produced calculated rates that agreed well with trends and values reported in the most recent literature (Rosati et al. 1999) . The estimated ebb shoal equilibrium volume for Shinnecock Inlet was about 8 million m 3 and for Moriches Inlet 6 million m 3 . Corresponding initial volumes in 1983 were determined to be approximately 3.5 and 4.9 million m 3 (Morang 1999) , respectively. Fig. 4 plots the calculated annual net longshore transport rates compared with the rates estimated in the sediment budget study by Rosati et al. (1999) . The calculated transport rates display expected behavior of increasing rates going west, with a near-zero rate near Montauk Point. Estimates of transport rates from the sediment budget included in Fig. 4 encompass the most likely value as well as an interval over which the rate could vary. The figure shows marked disturbances of the inlets on the transport pattern. Because both Shinnecock Inlet and Moriches Inlet act as sediment sinks, the calculated transport rates drop substantially around the inlets. The derived rates confirm this behavior, although they are somewhat less than the calculated ones at Moriches Inlet. 
Coastal Evolution in Connection with Inlet Openings
The second simulation involved the period 1931-1983 during which Shinnecock and Moriches Inlets were created. Furthermore, the inlets went through large changes in crosssectional areas, and Moriches Inlet closed temporarily in 1951 before it was artificially opened again. Fig. 5 illustrates how the minimum cross-sectional area varied for the two inlets during the simulation period. The figure is based on historic data (Czerniak 1977; Morang 1999) , linearly interpolated to supply time-varying input values. Equilibrium shoal volumes were derived from the cross-sectional areas (Walton and Adams 1976) . It was assumed that the shoal and bars at the inlets would drive towards equilibrium volumes defined based on the instantaneous cross-sectional areas. The same wave time series served as input as for the calculations of the annual net longshore sediment transport rate previously described. The three WIS Stations provided wave information, and the time series derived for 1976-1995 was applied repetitively. Fig. 6a plots measured and predicted shoreline positions in 1983 as well as the initial shoreline. The shoreline measured in 1870 was taken as the initial shoreline, because no measurements were available closer in time to 1931. The calculations yielded the correct magnitude of advance updrift and recession downdrift of the inlets, as well as the regional trend of shoreline evolution. Directly downdrift of the inlets, the predicted shoreline shape deviates somewhat from the measurements, attributed to incomplete representation of the influence of the attachment bar and tidal-induced transport near the inlet. Fig. 6b displays an enlargement of the shorelines given in Fig. 6a in the vicinity of the inlets. Czerniak (1977) and Morang (1999) . 
CONCLUSIONS
A numerical model called Cascade was developed to simulate regional sediment transport and coastal evolution, and it was successfully applied to the south shore of Long Island, New York. The model can describe time evolution over centuries of coastal stretches that encompass hundreds of kilometers. Representation of inlets is of special interest in how they function in the regional sediment transport system in terms of storing and transferring sediment, with consequences for the adjacent beaches. In Cascade, the coupling between the regional and local scale occurs in a hierarchical manner, that is, information is supplied from the regional scale to the local scale. It is expected that this type of cascading approach may be extended to other scales, either larger or smaller.
Application of Cascade to the south shore of Long Island, New York demonstrated its capability to simulate regional sediment transport and coastal evolution for complex conditions. The simulations included two inlets that opened and evolvied through significant changes in cross-sectional area, changing the equilibrium volumes of the ebb shoal complex. Eroded and accreted volumes updrift and downdrift the inlets, respectively, were well predicted, whereas the calculated and measured shoreline shape differed somewhat downdrift of the inlets. This discrepancy is attributed to the algorithm for releasing sediment from the attachment bar to the adjacent beach. Work is underway to enhance the model as well as to include other features at the regional scale, such as spit evolution, sediment storage and transfer in the flood shoal and channels of an inlet, and barrier-island migration due to overwash.
